The present industrial scenario requires all engineering structure to be designed considering stability of several parameters at the operating conditions (e.g. Temperature, pressure, resistance to mechanical and surface degradation). Choice of materials for any engineering component should be such that it operates safely for reliable function, without failure during in-service, giving optimum component life. Due to scarcity of various resources and cost of manufacturing, regular maintenance and evaluation of structural integrity at every stage of production is necessary. Nondestructive techniques (NDT), along with modern computational facility help in nonintrusive investigation of the component at regular intervals of the operating stages for many critical applications. This will result in increment of designed component life and also help in maximizing utilization of natural resources.
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For long, Ultrasonic has been associated with defect detection, but with the recent advances in electronics in combination with computational capabilities Ultrasonic velocity measurements have also been attempted for characterization of solutionising and precipitation behavior in various alloy systems such as aluminium alloys, ferritic steel, maraging steel, nickel base alloys and titanium alloys. As the speed of sound in a homogeneous medium is directly related to both elastic modulus and density, any changes in elastic property with varying degree of inhomogeneities will affect in pulse transit time through a sample of given thickness. Due to variation in elastic modulus of the matrix in the alloy resulting from the various precipitates; it has been attributed towards the change in ultrasonic velocity of the alloy and thereby resulting in popularization of Ultrasonic testing for online monitoring of the component. The precipitation hardening has been believed to arise from the formation of very small solute clusters which uses significant scattering of the conduction electron cause
Introduction
High-temperature materials are materials that possess a remarkable ability to maintain their properties at elevated temperatures. Special steels, lighter alloys, ceramics and composites can be used as high-temperature material, but due to lack of one or the other property, their application over a wide range of temperature is restricted. To achieve this step change in operating parameters, new high-temperature materials must be selected due to inherent limitations in steels. Thus, need for stronger and corrosion-resistant materials for hightemperature engineering resulted in development of "Superalloys" of "Stainless Steel" varieties. Superalloys are unique high-temperature materials that have an ability to retain most of their strength even after long exposure times above 650°C (923 K) along with good lowtemperature ductility and excellent resistance to mechanical and chemical degradation in severe environments. High-temperature strength in Superalloys is due to the presence of a stable matrix having an austenitic face-centered cubic crystal (FCC) structure helping in the strengthening mechanism. The primary application of such alloys is in severe operating conditions, for example, space shuttle engine and gas turbines, which are subjected to both high temperature and pressures, alongwith corrosive environments [1, 2] .
The major constituents of Superalloys [1] [2] [3] [4] are mostly group VIIIB elements from the transition metal and they consist of various combinations such as Fe, Ni, Co and Cr, as well as small amounts of W, Mo, Ta, Nb, Ti and Al. Depending on the base metal, these can be Nickel-based, Cobalt-based and Nickel-Iron-based Superalloys. Nickel-based alloys are the most complex, most widely used for the hottest parts and most preferred [5] Superalloy. Nickel-based Superalloys, used in vast applications, are mainly subjected to high temperature due to the principle characteristic of Ni as an alloy base having high phase stability of FCC nickel matrix along with strength retention upto 0.7 Tm (Tm -melting temperature). Diffusion rate of Ni is very low which leads to microstructural stability in the alloy at elevated temperatures. Cobased alloys have higher melting points than Ni and Ni-Fe based alloys, which gives them the ability to absorb stress at a higher absolute temperature. Higher chromium content in Co alloys gives superior hot corrosion resistance to gas turbine atmospheres and also shows superior thermal fatigue resistance and weldability over Ni-alloys [1, 2] . Superalloys containing substantial quantities of both Ni and Fe form a distinct class of Superalloys known as NickelIron-based Superalloy. The austenitic FCC matrix of Superalloys has extended solubility for some alloying elements, excellent ductility and favorable characteristics for precipitation of effective strengthening phases. Superalloy density [2] is influenced by alloying additions: aluminum, titanium and chromium reduce density, whereas tungsten, rhenium and tantalum increase it. The corrosion resistance of Superalloys depends primarily on the alloying elements added, particularly chromium and aluminum, and the environment experienced.
Superalloys were thus developed to improve high-temperature strength along with other mechanical properties. Strengthening is a phenomenon by which hardness, yield and tensile strength are increased. Superalloys utilize three basic mechanisms [6] for strengthening: intermetallic precipitation, solid solution and carbide precipitation. Intermetallic and carbide precipitation are employed in a metastable condition and thus the basic structure and distribution of the phases alter on normal thermal exposures. Thermal exposures also increase the possibility [3, 4] of phase alterations such as the formation of delta, eta, mu, sigma, Laves, etc., resulting in variation of alloy properties.
Precipitation Hardening [7-10]
Precipitation hardening [7] is produced by solution treating and quenching an alloy in which a second phase is in solid solution at the elevated temperature but precipitates on quenching and ageing at a lower temperature. Thus, an element can participate in formation of intermetallic precipitates during precipitation strengthening only if it is partially soluble in the matrix. Among all other theories, Coherent Lattice theory is one of the most useful theories for the understanding of precipitation hardening. In precipitation hardening, the alloy is first solutionized by heating into a single phase region and soaking for sufficient time in order to allow the intermetallic and grain boundary precipitates to dissolve in the matrix and also to permit required diffusion. After solution treatment, the alloy is rapid quenched to get a supersaturated solid solution and to prevent formation of equilibrium precipitates due to natural ageing. In supersaturated solid solution (SSS), the alloy is in disordered condition as the solute atoms are at-random distributed in the lattice structure. The alloy during reheating to slightly higher temperature undergoes artificial ageing. Artificial ageing results in limited mobility of soluble atoms and the atoms can move over only a few interatomic distances leading to formation of a fine scale transition structure. Due to slow cooling, rearrangement of the atoms takes place, where the solute atoms move into definite positions in the lattice, forming an ordered solid solution. The ordered transitional structure thus formed will have definite lattice parameters different from the solute atoms will result in coherency of the atom. There will be considerable distortion of the matrix due to fine precipitates thus formed within the matrix and this distortion extends over a large volume only if the excess transition phase is in the form of fine discrete particles well distributed in the matrix. These fine precipitates will restrict the dislocation movement, resulting in rapid increase of strength and hardness of the alloy during ageing. Eventually, equilibrium-stable phase is formed from the transition phase, whose particles have common grain boundaries of the matrix and there is further growth of certain larger particles at the expense of neighboring smaller particles. This causes loss of coherency with the matrix and stress relief takes place in the lattice, which results in considerable decrease in strength and increase in ductility of the alloy. At this stage, the alloy is said to be overaged. The following steps [10] are associated with the process of precipitation hardening:
1. Rearrangement of atoms within the crystal structure during which micro-strains in the lattice are developed and mechanical properties are improved.
2.
Optimum strengthening of the alloy by forming intermediate phase.
3.
And finally, formation of stable phase from the transition phase, resulting in decrease of hardness and strength.
It is necessary to understand the above-mentioned three main steps of precipitation hardening, in order to age the alloy to optimum level for considerable increase in strength and hardness. Thus, the degree of strengthening resulting from the secondary phase particles depends on distribution of the particles in matrix. 
Non-destructive techniques
Non-destructive Testing (NDT) techniques [11] [12] [13] [14] are most commonly used for detection and characterization of flaws in the component, thus certifying whether the component is fit for the intended service or not. As crystallographic texture controls the plastic and elastic properties of the component, component material property is equally important to assess the structural integrity of the component along with the flaw characteristics. Improved instrumentation and a quantitative understanding of the materials behavior has driven the upgrowth of Quantitative Non-destructive Evaluation (NDE) to detect and characterize microstructural properties as well as flaws in materials. Two quantitative NDE approaches are now in use -'off-line' periodic inspection during scheduled outages and 'on-line' monitoring [15, 16] during service as well as during materials processing -in order to predict future performance and reliability of components by controlling materials behavior (especially the mechanical properties) with the help of physical mechanisms. Thus, there is correlation between the microstructure of the material with its physical and mechanical properties ( Fig. 1 ) and as these properties can be easily measured by NDE techniques, NDE can be used as a non-destructive tool at low and affordable cost for non-intrusive investigation of the component at regular intervals of the process stages by evaluating the microstructures for many critical applications. During the development of NDE, it was realized that a wide range of techniques are necessary to achieve some flexibility in non-destructive characterization and evaluation of structural materials and components with complex shapes. The present study is mainly devoted to the application of DC electrical resistivity and Ultrasonic NDE techniques to materials characterization.
Non-destructive evaluation
Non-destructive testing (NDT), Non-destructive evaluation [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] (NDE) and Non-destructive inspection (NDI) are the techniques that are based [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] on the application of determining the characteristics of materials or components and for assessing life of the component by evaluating the detected inhomogeneities and harmful defects present in the component without impairing its usefulness. During service, many factors [17] like unanticipated stresses (residual and system), operation outside designed limits (excessive temperature and load cycling), operation and environmental effects, degradation of material properties in service, etc., which are difficult to predict, affect the designed life of the component. It may not be possible to take a sample from the component and determine its health for continued service. Moreover, efforts to increase the lifetime of intricate and expensive structures like aircraft, space shuttle engine and gas turbine require on-line monitoring of the microstructure in order to improve the safety and maintainability by analyzing the current state of the component. Thus, NDE techniques used for characterization [17, 24, 25] of the material properties are of great significance during service life of the component as they help in controlling process parameters by providing timely feedback.
Advantages of NDT over destructive testing
• In-service testing is possible.
• Tests are made directly on the component itself and thus special coupon of the component is not required.
• Very little sample preparation of the test specimen is required.
• Less time requirement for testing.
• Repeated checks over a period of time are possible.
• A single NDT can measure many or sometimes all properties of the alloy.
• Some NDT instruments are portable and can be easily carried to the workplace.
Limitations of NDT
• Measurements are indirect and hence reliability has to be verified.
• Some of the NDT techniques are expensive.
• Skilled judgement and experience are required to interpret NDT results.
Examples of case studies carried out for assessment of components with the help of NDT

Characterization of microstructural and mechanical properties:
• Measurement of grain size [17, [44] [45] [46] [47] with the help of ultrasonic testing.
• Microstructural control in [18] Metal Matrix Composites (MMC).
• Estimation of non-metallic inclusions [17] in steel. There is an ASTM standard E 588 titled 'Detection of large inclusions in bearing quality steel by ultrasonic method'. Also porosity [18] can be characterized.
• Measurement of degree of recrystallization [48] .
• Determination of elastic modulus [49] especially for brittle materials since other methods like tensile test, do not produce optimum results.
• Estimation of strength [50] .
• Ultrasonic hardness [17] testers are also used especially for in situ measurements.
• For monitoring [51] ductile to brittle transition temperature (DBTT).
• Fracture toughness [52] can be estimated using ultrasonic testing as Kc (fracture toughness) is dependent on the value of E (Young's Modulus) by the equation (Kc = √E * Gc). Kc depends upon the ultrasonic attenuation while E can be calculated using ultrasonic velocity.
2.
For qualification of processing techniques like the following:
1. Nodularity of cast iron, as the increase in degree of nodularity (morphology of graphite) increases the strength, which in turn increases ultrasonic velocity [53, 54] .
Qualification of heat treatment of precipitation hardenable 17-4 PH stainless steel [55] using ultrasonic testing.
3.
Accurate measurement of case depth [56] in order to have knowledge about component's hardness.
4.
Measuring degree of diffusion bonding [57] [58] [59] .
5. Sheet metal formability [60] .
3.
Characterization of material degradation during in-service:
• Detection of fatigue [61, 62] and creep [63] failure in turbine blade made of Superalloy.
• Detection of hydrogen attack in low alloy steel [64, 65] and in Zircaloy-2.
• Intergranular corrosion attack in austenitic stainless steel [66] .
• Thermal embrittlement [67] of Duplex stainless steel.
• Ageing degradation in Ni-based Superalloy 625 [49, 68] .
• Assessment of degradation of a heavy water plant [12] .
• Failure of S.S dished ends during storage with the help of in situ metallography at the inner surface of the failed dished end [12] .
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DC electrical resistivity
DC electrical resistivity is one of the oldest non-destructive electromagnetic techniques. The electrical resisitivity of a material depends on its physical state such as temperature and stress along with its composition and microstructure. The congential dependence of the resistivity on the microstructure can be helpful to detect various transformations in the material due to thermal exposure. Measuring material's resistivity non-destructively helps in identifying various metals and alloys and monitoring the heat treatment of the alloy; along with the detection of damage that gives rise to a change in resistivity [11, 69] . The precipitation hardening has been believed [70] to arise from the formation of very small solute clusters which uses significant scattering of the conduction electron (Fig. 2) [71] and hence the electrical resistivity of the aged alloy increases. In the absence of an applied field, there is no net drift in any direction and conduction electron in the metal moves about randomly scattered (with a mean speed) by thermal vibrations of the atoms. Resistivity, in short, varies as a result of combined effects [72, 73] from solution depletion, intermetallic precipitates, high-temperature solute enrichment due to the dissolution of the clusters formed during ageing and also refining of the intermetallic precipitates. Four-point direct current potential drop (DCPD) technique [69] is well suited for accurate non-destructive measurement of material resistivity. The potential drop method of evaluation is based on the principle that the electrical resistance of an alloy changes due to the presence of structural inhomogeneities. Thus, measuring bulk resistivity using DCPD one can have knowledge about performance and reliability of the component. Direct current potential drop (DCPD) technique is independent of the magnetic permeability of the material and is also useful for testing ferrous as well as low-conductivity materials. Moreover, DCPD equipment is simpler and requires less controlled parameters and there is possibility of full automation of the monitoring.
Ultrasonic testing
Ultrasonic Testing is the most preferred NDE technique for material property characterization, as UT parameters are significantly affected by changes in microstructure or mechanical properties of the material. Microstructural properties [17] like grain size measurement [44] [45] [46] [47] ; estimating presence of inclusions; measuring degree of recrystallization [48] ; mechanical properties like elastic modulus, hardness [13] , fracture toughness [52] , and estimating strength [50] of the structure; monitoring of Ductile Brittle Transition Temperature [51] (DBTT) are correlated with ultrasonic testing parameters which include variation in the frequency and velocity [74] , attenuation [52] , backscatter amplitude [44] , spectral analysis and acoustic microscopy. Ultrasonic material characterization has also been used to qualify various processing treatments like precipitation hardening, case hardening along with the assess of damage due to various degradation mechanisms [61] [62] [63] [64] [65] [66] [67] [68] like fatigue, creep, corrosion, hydrogen damage, thermal embrittlement of steel, ageing degradation, etc. Elastic properties of the component can be easily recognized by the measurements of the Young's Modulus with the help of ultrasonic wave speed and attenuation measurements. Elastic moduli of pure metal are very low which will further increase with the addition of the alloying elements and during precipitation hardening. Ultrasonic velocity will be influenced [18] by the elastic moduli of the material which will be influenced by the precipitate forming elements. Information about microstructural induced changes in the elastic moduli can be deduced from the ultrasonic velocity by Equation 1:
where v= ultrasonic velocity, c= elastic stiffness and ρ= density.
Ultrasonic velocity (v) measurement involves determination of the distance travelled by the ultrasound and dividing it by time of travel between the first and second back surface echo, as mentioned in Equation 2:
where, v = ultrasonic velocity, h = sample thickness and t = time of flight.
The accuracy of these measurements depends upon the accuracy with which time of flight and thickness of the component are measured. With advancement [75] [76] [77] [78] and use of software (e.g. LabVIEW, MATLAB), one can calculate ultrasonic velocity with accuracy of 500 μsec, making it a very reliable parameter for material property characterization.
Research undertaken
A study is carried out to characterize different microstructural features and the precipitation behaviour evolved through various heat treatments using Direct Current Potential Drop (DCPD) technique for measuring electrical resistivity and Ultrasonic Testing for measurements of ultrasonic parameters and validating the same with hardness and microstructural features. Table 1 and Table 2 Figure 4 shows the experimental temperature for IN-718 in TTT diagram and Table 3 shows the test matrix for IN-718 with various expected phases. 
Resistivity measurement
For resistivity measurement, four-probe Van der Pauw method has been used. In this method, electrical DC currents are injected into a conducting specimen through a set of two probes; while a second set of two probes is used for measuring the voltage drop across the area of contact as shown in Fig. 5 . After an accurate measurement of the distance between the voltage probes, the resistivity (ρ) of the sample is measured using Equation 3: For better accuracy and speed of measurement, a sample holder has been used; in which four contacts are made by pressure contacts with gold tips. Keithley 2400 Sourcemeter is used as constant current source; while Keithley 2182A Voltmeter is used for measurement of the voltage drop. Resistivity for all the specimens was calculated with 0.03% error. Error percentage was determined using the maximum variation in the average resistivity value for each specimen.
Ultrasonic velocity measurements
The experimental set-up used for Ultrasonic Velocity (UV) measurement is shown in Fig. 6 . A broadband pulser-receiver and a 500 MHz digital oscilloscope were used for carrying out the ultrasonic measurements. For UV measurements, the RF signals were digitized and stored for further processing. Ultrasonic velocities were measured using 5 MHz longitudinal wave transducer. For better accuracy and speed of measurement, a software is used for calculating ultrasonic velocity and attenuation of the sample by reading the digitized RF signals and the gated back wall echo from the oscilloscope stored in the computer. The accuracy obtained in the time of flight measurement is improved by 500 μsec, which led to maximum scattering of ±3m/s for ultrasonic longitudinal velocity. 
Hardness measurements
Hardness measurements were carried out using Indentation method by applying a load of 700 N. A maximum change of ±5 BHN is obtained in hardness measurements in any specimen. Image analysis and Scanning Electron Microscopy were carried out to study the precipitation behaviour, and validate the results. Table 4 and Table 5 show the variation in the resistivity with different ageing cycles. An average of 8 readings is taken as final resistance value. Resistivity measures the difficulty of electrons to move freely in the alloy. Additional ageing will lead to the formation of ordered clusters and precipitates, which will result in significant scattering of conducting electrons as they vibrate around equilibrium positions. A key factor for electron scattering is the lattice vibrations. As an electron encounters a defect in form of fine precipitates or due to the presence of other inhomogeneities, it scatters from its path by losing energy and changing direction.
Observations
Resistivity observations
Based on the experimental work, it is observed that resistivity of solution annealed specimen is the highest which will be further affected by the cluster formation; which is again dependent on the ageing time and temperature. During precipitation, the initial nucleation of the fine precipitate phase results in a maximum increase of resistivity due to the decreased conduction electron mean free path associated with forming these scattering electrons within the matrix phase. As the precipitates undergo growth and coarsening on increase of ageing temperature and time, the dispersed fine precipitate phase converts to a more widely spaced phase. Conduction electrons are now more likely to collide with solute atoms than the coarse precipitates. After a maximum, the resistivity thus begins to decrease due to the growth and coarsening of the precipitates and also due to the changes to the solute content from the increasing precipitate volume fraction. Thus, resistivity is not only dependent on kinetics of precipitation but is also affected by scattering of electrons. Resistivity, in short, varies as a result of combined effects from solution depletion, intermetallic precipitates, high-temperature solute enrichment due to the dissolution of the clusters formed during ageing and also refining of the intermetallic precipitates. These changes in resistivity at higher temperature will also be there due to the presence of pre-existing intermetallic precipitates, as they affect the rate of electron scattering and also by forming coarse grain structure which will slow down the kinetics of the precipitation by reducing nucleation rate. At lower temperature, due to increase in precipitate to the equilibrium volume fraction, the resistivity shows similar peak positions in the maximum increased resistivity. Bulk resistivity decreases on increase of ordering of the material.
Ultrasonic velocity observations
It is observed from Table 4 and Table 5 that ultrasonic velocity is influenced by the volume fraction, coherency, fineness and distribution of the precipitates. Longitudinal wave velocity is found to increase with ageing time and temperature. The increase in velocity with ageing time is found to be maximum at initial stages (indicating possible faster kinetics). Elastic moduli of pure metal are very low which will further increase with the addition of the alloying elements and this will also affect ultrasonic velocity of the material. During incubation period, there will be influence of the precipitate forming elements on the elastic moduli of the alloy. Formation of intermediate coherent transition γ"-phase in alloy will drastically affect the elastic moduli of the alloy, resulting in increase of ultrasonic velocity of the alloy. The intermetallic precipitates so formed lead to an increase in the elastic moduli of the alloy and consequently increases the ultrasonic velocities in Superalloys [49 and references therein]. However, the ageing of the alloy if carried out for shorter durations at any temperature leads to decrease in the ultrasonic velocity due to the dissolution of the intermetallic precipitates. Further, the formation of stable orthorhombic δ-phase by coarsening of γ"-precipitates increases the ultrasonic velocity. The increase in the moduli upon thermal ageing is attributed to the formation of γ' and γ"-precipitates leading to the depletion of the precipitate forming elements like Nb, Al and Ti from the solution. Again it is observed that ultrasonic velocity is only affected by the intermetallic precipitates and not by the grain-boundary carbides. Thus, ultrasonic velocity is sensitive to initial nucleation of the precipitates along with their growth and coarsening. The depletion of the precipitate-forming elements from the matrix during coarsening leads to an increase in the modulus of the matrix.
Hardness
The variations in the hardness, resistivity and ultrasonic velocity with different ageing cycles is shown in Table 4 and Table 5 . For Ni-263, the solution annealed specimen exhibited lowest hardness (180 BHN) and it increases with an increase in ageing temperature from 650ºC to 800ºC. On ageing at 650°C, hardness is found to continuously increase with increase in time of exposure (2 h, 4 h, 6 h, 8 h, 25 h, 50 h, 75 h and 100 h). The strength of the specimen will decrease due to overageing of the specimen at higher temperature resulting in coarsening of grains. While on ageing at 800°C hardness initially increases with time of exposure but decreases for longer ageing time. This is in agreement with the expected phase diagram. The increase in strength by ageing is due to the presence of fine and uniformly distributed metastable coherent γ' precipitates in the matrix. While at higher temperature above 800°C there is decrease in the strength due to overageing, resulting in rapid coarsening of fine coherent γ' phase and its conversion to accicular η-phase. η-phase degrades the strength of the alloy by consuming the solution strengthening elements and this is one of the reasons for decrease in hardness at 800°C for longer exposure time. The results obtained are in line with the time temperature transformation (TTT) diagram reported in literature for the precipitation of γ' intermetallic phase in this alloy and further confirmed by microscopy studies.
Similarly for IN-718, the SA specimen exhibited lowest hardness (165 BHN) and it increases with an increase in ageing temperature from 600°C to 750°C. But there is a decrease in hardness on further increase of temperature from 750°C to 900°C. On ageing at 650°C, hardness is found to continuously increase with increase in time of exposure (10 h, 25 h, 50 h, 75 h and 100 h). The strength of the specimen will decrease due to overageing of the specimen at higher temperature, resulting in coarsening of grains. While on ageing at 750°C and 800°C, hardness initially increases with time of exposure but decreases for longer ageing time. Again on ageing at 750°C, hardness is initially found to increase with increase in time of exposure and further exposure decreases the hardness values. On the other hand, for ageing at 900°C it decreases continuously. This is in agreement with the expected phase diagram. The increase in strength by ageing is due to the presence of fine and uniformly distributed metastable phase γ" in the matrix. While at higher temperature above 750°C there is decrease in the strength due to overageing, resulting in rapid coarsening of γ". At 800°C, it is expected from the TTT diagram that for longer time of exposure, nucleation of stable orthorhombic δ-phase will start from γ". δ-phase degrades the strength of the alloy by consuming the precipitation strengthening elements. And this is one of the reasons for decrease in hardness at 800°C and 900°C for longer exposure time. During overageing hardness will reduce to lower values. Along with the formation of delta (δ) phase at the higher temperature, there will also be the formation of MCtype grain boundary carbides, which will also affect the hardness of the alloy. The variation in hardness with ageing time and temperature is also confirmed by electron microscopy studies. 
Ageing
Graphs
Conclusions
From the experimental study it is found that resistivity is sensitive to the structural variations that occur on ageing and ultrasonic velocity is more sensitive towards initial formation of fine precipitates and during their nucleation and growth, while hardness is only affected after the formation of the precipitates to a critical size which can hinder the dislocation movement. There will be considerable distortion of the matrix due to the presence of the coherent phase having lattice parameters different from those of the solvent and this distortion will extend over a distance more than the size of precipitate. It is this distortion that interferes with the movement of dislocations and accounts for the increase in hardness and strength during ageing. These observations are consistent with electron microscopy studies.
